Native and oxidized low density lipoproteins modulate mesangial cell apoptosis. Hyperlipidemia has been demonstrated to contribute to hypercellularity of the mesangium in experimental animal models of glomeruloscierosis. We studied whether it also has the potential to convert a hypercellular mesangium into a hypocellular one by inducing mesangial cell (MC) apoptosis. Low density lipoprotein (LDL) enhanced (P < 0.001) mouse mesangial cell (MMC) proliferation at lower concentrations (control, 10.3 0.3 vs. LDL 100 j.rg/ml, 24.2 0.3 X io cells/mi) hut augmented (P < 0.001) apoptosis at higher concentrations (control, 5.6 0.5% vs. LDL, 500 jig/mI 26. 1.3% apoptotic cells/field). LDL also induced a similar effect on human mesangial cells. These studies were further confirmed by DNA fragment assays and ELISA for programmed cell death. LDL treated cells also showed enhanced mRNA expression for RSG-2, a marker for active cell death. These in vitro results provide a basis for the speculation that LDL has the potential to cause an initial hypercellular and subsequent hypocellular mesangium in the course of the development of glomeruloscierosis.
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Hyperlipidemia has been demonstrated to be an important determinant in the progression of renal injury [1-31. Dietary supplementation accelerated and lipid lowering therapies attenuated glomerular injury in models of glomerulosclerosis in vivo experiments, expansion of the mesangium preceded the development of lipid-induced glomeruloselerosis. In these instances expansion of the mesangium occurred as a result of increased mesangial cell proliferation and enhanced accumulation of mesangial matrix [121. However, reduction of lipid levels in these models caused an attenuation of mesangial cell (MC) proliferation and a reduction in the accumulation of matrix [9] [10] [11] [12] [13] [14] .
In the recent past various investigators including us, studied the effect of low density lipoproteins (LDL) on mesangial cell function [10, ii, 15 . LDL enhanced the proliferation of cultured Received for publication February 28, 1996 and in revised form May 29, 1996 Accepted for publication June 3, 1996 © 1996 by the International Society of Nephrology mesangial cells [12, 16, 7I This effect on mesangial cells was uniform at low concentrations but at high concentrations the effect was not consistent (MC suppression in some and proliferation in others) [17] . The exact cause of the attenuation of mesangial cell proliferation has not been delineated in these studies [17] . Since stimuli for proliferation as well as apoptosis are at times similar, we asked whether the divergent action of LDL on mesangial cell proliferation may be a result of mesangial cell apoptosis. Therefore, we investigated the effect of LDL and oxidized LDL on mesangial cell apoptosis in both cultured mouse mesangial cells and human mesangial cells.
Methods

Mesangial cell culture
Mouse mesangial cells (MMC) transformed with non replicating, non-capsid forming SV-40 virus (strain RH 911) were provided by Dr. E. Neilson (University of Pennsylvania, Philadelphia, PA, USA). Cells were maintained in culture in Dulbecco's Modified Eagle media (DMEM) ordered from GIBCO BRL (Grand Island, NY, USA) with 5% fetal calf serum (FCS) (GIBCO), penicillin 50 U/mI (GIBCO) and streptomycin 50 JLg/ml (GIBCO) in a 95% air and 5% CO2 environment at 37°C.
Cultured human mesangial cells (HMC) were obtained from Clonetics (San Diego, CA, USA). Characteristics of MMC and HMC were evaluated in our laboratory before their use in various experimental protocols [18, 191. Source of reagents Fresh human LDL was used in variable concentrations of 10 jig to 1000 j.rg/ml [20] . The protein content was 5.3 mg/mI as estimated by BioRad method [21] . This preparation was free from contamination by other classes of lipoprotein as determined by electrophoretic mobility and has a negligible amount of thiobarbituric acid reactive species (TBARS). To prepare oxidized LDL (OX-LDL), EDTA and BHT were dialyzed out. OX-LDL was A TBARS assay was used to estimate malondialdehyde content [22] . Acridine orange was used in a concentration of 10 jig/mI (Sigma Chemical Co., St. Louis, MO, USA). Superoxide dismutase (SOD) was used in a concentration of 50 jig/mI (Sigma). 24 -well plates and grown to semiconfluence. Cells were washed with phosphate buffered saline (PBS) and growth arrested (incubated in serum-free media containing DMEM + 0.5% bovine serum albumin and 1% insulin, selenium and transferrin) for 72 hours. Cells were washed again with PBS and incubated with I ml of media (DMEM + 1% FCS) containing either vehicle (control) or LDL (30 to 1000 Lg/ml) or OX-LDL (10 to 100 sgIml) for 48 hours at 37°C. At the end of the incubation, cells were trypsinized and counted on a hemocytometer. Four sets of experiments were carried out, each in triplicate.
Apoptosis studies
Morphologic evaluation of MC apoptosis was performed by staining cells with acridine orange (Sigma) [23] . Briefly, equal numbers of MMC (10,000 cells/mI) were plated in 24-well plates.
Once attached, cells were washed with PBS and incubated in media (DMEM + 1% FCS) containing either LDL (30 to 500 ig/ml) or OX-LDL (10 to 100 rg/ml) for 48 hours at 37°C. Six sets of experiments were performed.
Since MC in culture have been demonstrated to oxidize LDL we studied whether LDL in high concentrations may be inducing apoptosis as a result of LDL oxidation. Subeonfluent MMC were incubated in media (DMEM + 1% FCS) containing either media alone (control), LDL (200 /kg/ml), SOD (50 jig/mI), LDL + SOD (50 j.Lg/ml), or LDL + DMTU (10 mM) for 48 hours. Three sets of experiments were performed.
Some of the properties of mesangial cells are species specific. To determine whether LDL also exerts a similar effect on human mesangial cells (HMC), equal numbers of suhconfluent HMC were incubated in media (DMEM + 1% FCS) containing either vehicle (control), LDL (400 jig/mI), LDL + SOD (50 j.rg/ml), or LDL + DMTU (10 mM) for 48 hours. Six sets of experiments were carried out.
At the end of the scheduled incubation, 10 jig/mI of acridine orange was added to the incubation media for one hour at 37°C. At the end of the incubation cells were washed and examined under an inverted microscope using ultraviolet light. Five random fields were counted in each well and percentage of apoptotic cells was calculated for each field.
TBARS assay versus cell proliferation and apoptosis
Mesangial cells have been reported to oxidize native LDL in in vitro studies [171. We wanted to know whether oxidation of LDL is related to the degree of mesangial cell apoptosis. In brief, equal number of cells were incubated with LDL (100 to 1500 jig/mI) for 24 hours. in parallel experiments, we incubated LDL (100 to 1500 jig/ml) in media alone (without cells) under identical conditions. After 24 hours, supernatants were collected and a TBARS assay was performed [22] . In addition, we incubated LDL (100 jig/ml) in media alone for 0 hours and collected the supernatant. One ml of 30% trichloroacetic acid was added to 100 pi of incubation media containing 100 to 1500 jig/mI LDL. This was followed by the addition of I ml of 1 % thiobarbituric acid and incubated for 45 minutes at 90°C. After cooling, samples were centrifuged at 1000 X g for 20 minutes at 20°C. The absorbance of the supernatant was read at 532 nm in a Beckman spectrophotometer. Results were calculated as malondialdehyde (MDA) equivalents in nM/mi. Simultaneously, cells in the respective wells were trypsinized and counted on a hemocytometer or stained with acridine orange and counted under ultraviolet light with an inverted fluorescent microscope.
DNA fragmentation assay
To confirm the effect of LDL on MC apoptosis, DNA fragmentation was also quantified by [3H] thymidine release [24] . Equal numbers of subconfluent MMC were pulsed with 1 jiCi/mI [3H] thymidine for 24 hours at 37°C. Subsequently, cells were washed five times with PBS and left on ice for one hour. Cells were incubated in media containing buffer (control) or LDL (400 Equal number of subconfluent mesangial cells were treated either with buffer (control), OX-LDL (50, 100, 200, and 500 pg/mI) or LDL (100, 200 and 500 pg/mI) for 12, 24 or 48 hours. After respective incubation, cells were stained with trypan blue. Ten random fields were counted and percentage of live cells was calculated. Results (means SEM) are from six sets of experiments each carried out in triplicate. P < 0.05 compared with LDL, 100 pg/mI "P < 0.001 compared with respective control and OX-LDL, 50-200 rWml P < 0.001 compared with respective control and OX-LDL, 50 pg/mI d P < 0.01 compared with control P < 0.001 compared with control and OX-LDL, 50-200 /Lg/ml fp < 0.001 compared with respective control and LDL, 100 pg/mI sp < 0.001 compared with respective control "P < 0.05 compared with respective control P < 0.05 compared with respective control and LDL, 100 pg/mI P < 0.001 compared with respective control "P < 0.05 compared with respective control 'P < 0.01 compared with respective LDL, 100 jig/mI "'P < t). At the end of the incubation period, cells were trypsinized and counted in a hemocytometer. Results (means suM) are from four sets of experiments each carried out in triplicate. *P < 0.001, ""P < 0.01, and """P < 0.05 compared with control. p < 0.001 compared with LDL, 30 jig/mI. hp < 0.01 compared with LDL, 30 jig/mI. p < 0.001 compared with LDL, 50 and 100 jig/mI. dp < 0.05 compared with LDL, 50 jig/mI. 490 nm on an MR 600 microplate reader (Dynatceh, VA, USA) to obtain an ahsorbance ratio.
Detection of apoptosis using DNA end-labeling technique
We used a simple and far more sensitive method for detection of apoptosis. Briefly, subconflucnt MMCs were incubated in media (DMEM + 1% FCS) containing either media alone MgSO4, 7H20, and I d of 32P ICTP (DuPont NEN, Boston, MA, containing 10 ig/ml of ethidium bromide. the radiolabeled frag-USA) for 10 minutes at room temperature. The end labeled DNA ments were visualized by exposure to Kodak X-Ray film at -70°C
was electrophoresed on a 1.8% agarose gel in 0.5x TE buffer for six hours. 
Results
Effect of LDL and OX-LDL on viability of MN/C
The effect of LDL and OX-LDL on viability of MMC is shown in Table 1 . LDL enhanced mesangial ceO necrosis at a concentration of 500 pg/mI (Table I) . On the contrary, OX-LDL increased necrosis of MC at a concentration of 50 .tg/ml when incubated for 48 hours (Table 1) . These results indicate that LDL at higher concentrations and OX-LDL at lower concentrations are cytotoxic to niesangial cells.
Effect of LDL on MMC proliferation
The effect of LDL on MMC proliferation is shown in Figure 1 . LDL in concentrations of 30 to 100 ig/ml enhanced (P < 0.00!) the proliferation of mesangial cells. However, LDL at higher concentrations ( 500 p.gIml) attenuated the proliferation. These results indicate that LDL has a biphasic effect on MC proliteration. Effect of free radical scavengers on LDL-induced MMC apoptosis
The effect of free radical scavengers on LDL-induced apoptosis is shown in Table 2 . SOD attenuated (P C 0.001) LDL-induced MMC apoptosis. DMTU also mildly inhibited the effect of LDL on mesangial cell apuptosis. These results indicate that free radical generation by the mesangial cells may be contributing to the LDL-induced apoptosis.
Effect of LDL on human mesangial cells
The effect of LDL on HMC apoptosis is shown in Table 3 . LDL enhanced (P < 0.001) apoptosis in HMC. Both SOD and DMTU attenuated LDL-induced HMC apoptosis (LDL, I 9.t) 1.8%. LDL + SOD. 6.7 1.4%, LDL + DMTU, 9.6 0.5% apoptotic cells/field). These results suggest that the effect of LDL on MC is not species specific.
Effect of DX-LDL on MMC apoptosis
Morphologic evaluation of the effect of OXWDL on MMC apoptosis is shown in Figure 4 . OX-LDL in concentrations of 100 to 20t) pg/mI enhanced MC apoptosis (control, 5.6 (1.5%; OX-LDL, 100 pg/mI 16.6 0.7%; OX-LDL, 200 pg/mI 18.4 1.4% apuptotic cells/field). These results indicate that OX-LDL induces MC apoptosis at half the concentration when compared to LDL.
Effect of LDL and OX-LDL on mesangial cell DNA fragmentation DNA fragmentation is another method fur quantitative assessment of apoptosis [24] . The effect of LDL and OX-LDL on mesangial cell DNA fragmentation is shown in Table 4 . Both LDL (4I)t) j.tg/mI) and OX-LDL (100 pg/mI) enhanced MC apoptosis when compared to control cells at 6 to 24 hours of incubation. These results further confirm the effect of LDL and OX-LDL on MC apoptosis.
Effect of LDL on mono-and oligonucleosome content of mesangial cells
Measurement of mono-and oligonucleosomes by FL!SA has been demonstrated to be a sensitive method for the assessment of apoptosis. We therefore utilized this method to evaluate the effect of LDL on MMC apoptosis. These results are shown in Table 5 . Effect of LDL on mRNA expression for RSG-2 The effect of LDL on mRNA expression for RSG-2 on MMC is shown in Figure 7 . Taking into account of GAPDH expression in two groups, the LDL treated cells showed 50% increase of mRNA expression for RSG-2.
Discussion
The present study demonstrates that native LDL at concentration of 200 xg/ml and OX-LDL at concentration of 100 xg/ml induce MMC apoptosis. Oxidized LDL at higher concentrations causes MC necrosis. Since MDA content of the media (supernatant of MC incubated with LDL) had a linear relationship with the degree of MC apoptosis, oxidation of LDL may he playing a role in the development of LDL-induced MC apoptosis. This was further supported by the attenuation of LDL-induced MC apoptosis after treatment with SOD. LDL treated cells also showed enhanced mRNA expression of RSG-2, a marker for active cell death. either buffer, variable concentrations of LDL (100 to 500 sg/ml), or oxidized LDL (100 gg/ml) fur 24 hours. At the end of the incubation period media was collected and a TBARS assay was performed. Cells were stained with acridine orange, fixed and the mean percentage of apoptotie cells was counted. Results (means SEM) are from four sets of experiments.
The glomerulus has a central location in the mesangium and is only separated from the capillary lumen by a fenestrated endothelial cell layer. Therefore, the mesangium is continuously perfused by plasma and its contents [27] . Plasma concentration of LDL is more than to 2 mg/mI. If mesangial cells are being bathed with this concentration of LDL in vivo, LDL should be causing attenuation of MC proliferation. In vivo, the growth of mesangial cells arc being influenced by growth promoting agents such as angiotensin II (Mg II), arginine vasopressin, platelet activating factor, platelet-derived growth factor and endothelins as well as growth inhibitory agents such as prostaglandin E2, atrial natriuretie peptide and LDL. As a net outcome of these factors mesangial cells remain quiescent while in the basal state. However, in the event of a glomerular insult many more MC growth promoting cytokines such as TGF-p, TNF-a, IL-fl and PDGF are released tilting the balance towards MC proliferation.
Diamond and Karnovsky [28] in their elegant studies demonstrated that supplementation of dietary cholesterol expedited the development of focal glomeruloselerosis in the rat model of puromyein aminonueleoside-induced nephrosis. In this model, infiltration of maerophages in the mesangium and mesangial cell proliferation preceded the development of focal glomeruloselerosis. Theoretically, on the basis of in vitro studies, the increased concentration of LDL should have caused mesangial cell hypoplasia instead of hyperplasia. Latta and Fligiel [27] measured the mean width of mesangial fenestrations to be 376 A (37.6 am) in scanning electron microscopic studies. The size of mesangial fenestrations may partially restrict the passage of large macromolecules such as LDL (diameter 25.8 nm). However, in a state of hyperfiltration or damaged endothelium, the size of fenestrations may be increased and a greater amount of LDL may enter the mesangium. Initially, the concentration of LDL may be relatively low and may induce either no or minimal stimulus to MC and in cases of increased LDL supplementation it may further optimize MC proliferation. LDL, being a large macromoleeule may not only have difficulty in entering the mesangium, but once entered in the mesangium may be responsible for the induction of mesangial cell apoptosis, thus converting a hypercellular mesangium to a hypocellular one. We conclude that LDL and oxidized LDL induce MC apoptosis and thus have the potential to convert a hypercellular mesangium to a hypocellular one.
